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MEMORY APPARATUS INCLUDING
PROGRAMMABLE NON-VOILATILE MULITI-
BIT MEMORY CELL, AND APPARATUS AND

METHOD FOR DEMARCATING MEMORY
STATES OF THE CELL

CROSS-REFERENCE TO RELATED
APPLICATTIONS

This 1s a division of application Ser. No. 08/975,919 filed
Nov. 21, 1997, which 1s a continuation-in-part of application
Ser. No. 08/410,200 filed Feb. 27, 1995 (now U.S. Pat. No.
5,764,571), which is a division of application Ser. No.
08/071,816 filed Jun. 4, 1993 (now U.S. Pat. No. 5,394,362),
which 1s a continuation of application Ser. No. 07/652,878

filed Feb. 8, 1991 (now U.S. Pat. No. 5,218,569).

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to non-volatile memory devices and
1s more particularly concerned with certain apparatus and
methods based on new concepts of memory state demarca-
fion and programming reference signal generation for multi-
bit electrically alterable non-volatile memory (EANVM)
cells.

2. Related Background Art

In conventional single-bit per cell memory devices, the
memory cell assumes one of two 1information storage states,
either an “on” state or an “off” state. This combination of
either “on” or “off” defines one bit of information. A
memory device using such single-bit cells to store n bits of
data (n being an integer greater than 0) thus requires n
separate memory cells.

Increasing the number of bits which can be stored 1n a
single-bit per cell memory device involves increasing the
number of memory cells on a one-for-one basis with the
number of bits of data to be stored. Methods for increasing
the number of memory cells 1n a single memory device have
relied upon advanced manufacturing techniques that pro-
duce larger chips containing more memory cells or that
produce smaller memory cells (e.g., by high resolution
lithography) to allow more memory cells to be placed in a
grven area on a single chip.

An alternative to the single-bit per cell approach mvolves
storing multiple bits of data mm a single memory cell.
Previous approaches to implementing multiple-bit per cell
non-volatile memory devices have typically mvolved mask-
programmable read only memories (ROMSs). In one of these
approaches, the channel width and/or length of the memory
cell 1s varied such that 2” different conductivity values are
obtained which correspond to 2" different states, whereby n
bits of data can be stored by a single memory cell. In another
approach, the 1on implant for the threshold voltage 1s varied
such that the memory cell will have 2" different voltage
thresholds (Vt) corresponding to 2" different conductivity
levels corresponding to 2™ different states, whereby n bits of
data can be stored by a single memory cell. Examples of

memory devices of these types are described 1n U.S. Pat. No.
4,192,014 to Craycraft, U.S. Pat. No. 4,586,163 to Koike,

U.S. Pat. No. 4,287,570 to Stark, U.S. Pat. No. 4,327,424 to
Wu, and U.S. Pat. No. 4,847,808 to Kobatake.

Electrically alterable non-volatile memory (EANVM)
devices capable of storing multiple bits of data per cell are
also known. In these devices, the multiple memory states of
the cell are demarcated by predetermined reference signal
levels that define boundaries between adjacent memory
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states. The memory cell 1s read out by comparing a signal
from the cell with the reference signals to determine the
relative levels of the cell signal and the reference signals.
The comparison results indicate whether the cell signal level
1s above or below the respective memory state boundaries,
and thus collectively indicate the programmed state of the
cell corresponding to the stored data. The comparison results
are encoded to reproduce the stored data and complete the
cell readout operation. Generally speaking, the number of
reference levels required to demarcate n memory states for
storing n bits of data 1s 2"-1. The number may be greater if,
for example, the uppermost or lowermost memory state 1s to
be bounded on both sides.

Previous approaches to programming multi-bit EANVM
cells are based on a repeated cycle of programming and
readout of the cell. The cell 1s programmed incrementally, by
the application of programming pulses, and the programmed
status of the cell 1s checked repeatedly during the program-
ming process by reading out the memory state of the cell as
described above to verify the attamed level of programming.
Programming 1s continued until the target memory state has
been reached, as indicated by the readout of the cell.

In order to minimize the possibility of readout errors, the
programming level of a multi-bit EANVM cell should be set
with a margin relative to the reference signal level or levels
that demarcate the target memory state. The programming
margin should be sufficient to avoid readout errors that
might occur due to variations 1n operating characteristics of
the cell with changing conditions such as temperature,
system voltages, or mere passage of time. More particularly,
if the cell 1s programmed too close to a memory state
boundary, slight variations 1n the operating characteristics
could shift the cell signal level relative to the state boundary
level, resulting 1n an error upon subsequent readout of the
cell.

Program margining 1s not particularly problematical 1n
single-bit per cell memory devices, since there are only two
memory states, and thus no intermediate memory states.
Because 1t 1s 1mpossible to overshoot the target state by
overprogramming the cell, the cell may simply be pro-
crammed to set the cell signal level as far as possible from
the reference level bounding the two memory states.

By contrast, the presence of one or more intermediate
memory states makes program margining a significant con-
cern 1n the case of multi-bit per cell devices, because an
intermediate memory state requires a programming margin
that provides adequate separation from two boundary
levels—that 1s, the boundaries of the intermediate memory
state with both the state above and the state below. Pro-
cramming the cell too close to either level can result 1n a
readout error. Also, both overprogramming and under pro-
cramming must be avoided to prevent overshooting and
undershooting the target intermediate state.

Previous program margining techniques include tech-
niques that, for programming purposes, shiit the cell signal
level or the reference signal levels relative to their values
during normal memory readout. The effect 1n either case 1s
that, for a given programming amount of the cell, the cell
will read differently during programming than during a
normal readout operation. The difference corresponds to the
shift amount of cell signal or the reference signals and
provides a programming margin. Examples of these tech-

niques are found 1 U.S. Pat. No. 5,172,338 to Mechrotra et
al. and mm Beliker et al., “A Four-State EEPROM Using,
Floating-Gate Memory Cells,” IEEE Journal of Solid State
Circuits, Vol. SC-22, No. 3, June 1987, pp. 460—463.
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Another margimning technique involves the provision of
additional reference signals having levels intermediate those
of the state-demarcating reference levels. The intermediate
reference levels define program margin ranges 1n conjunc-
tion with the state-demarcating levels. After the cell reaches
the target memory state, as indicated by comparison with the
state-demarcating signals, programming 1s continued based
on further comparison of the cell signal with one or more
intermediate reference signals to provide a programming
margin. An example of this technique 1s found 1n U.S. Pat.

No. 4,964,079 to Devin.

In the above-described approaches to programming multi-
bit per cell EANVM devices, the programming speed (total
fime to program a cell to a target state) is substantially
limited by the need for repeated readout of the memory cell
during the programming process. Also, the aforementioned
program margining techniques impose substantial compli-
cations on the overall circuit design due to the need to shaft
the cell signal level or the state-demarcating reference signal
levels, or to provide intermediate reference levels for estab-
lishing program margin ranges in conjunction with the
state-demarcating reference signal levels. Furthermore,

these margining techniques do not assure an optimum pro-
cramming margin throughout variations 1 operating char-
acteristics of the cell, because they do not precisely track
such variations with changing conditions that affect the
operating characteristics.

SUMMARY OF THE INVENTION

The predecessor applications underlying the present
application disclose a completely different approach to
multi-bit per cell EANVM programming (the approach is
also described in detail herein). According to this approach,
the programming control scheme uses a programming rei-
erence signal corresponding to the target memory state to
program the memory cell, and does not require reading out
the memory state of the cell during programming.

The 1invention claimed 1n the present application 1s based
on new concepts of memory state demarcation and program-
ming reference signal generation that can be applied with
oreat advantage to the atforementioned approach. According
to a first of these concepts, a plurality of programming
reference signals (or signals set in substantial correspon-
dence therewith) are used to generate the state-demarcating
reference signals. This 1s done 1n such a manner that each
programming reference signal (or correspondingly set
signal) has a level unique to its corresponding memory state.
As will be more fully appreciated from the detailed descrip-
tion that follows, by generating the state-demarcating ref-
erence signals 1n this manner, 1t becomes possible to pro-
oram a multi-bit EANVM cell without reading out the cell’s
memory state during the programming operation, while at
the same time providing effective program margining with-
out the complexities associated with the previous margining
techniques described above.

According to one of 1its broader aspects, the present
invention thus provides an apparatus for demarcating
memory states of an EANVM cell having more than two
memory states. The apparatus comprises a reference signal
generating circuit which generates a plurality of signals
corresponding to memory states of the cell, each signal
having a level unique to its corresponding memory state and
substantially the same as a programming reference level for
controlling programming of the cell to the corresponding
memory state. The reference signal generating circuit uses
the plurality of signals to generate reference signals having
levels that constitute boundaries of memory states of the
cell.
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4

The mnvention also provides a programmable multi-level
memory apparatus, which comprises an EANVM cell hav-
ing more than two memory states, a programming circuit for
programming the EANVM cell, and a reference signal
generating circuit as described above.

According to another of its broader aspects, the present
invention provides an apparatus for demarcating memory
states of an EANVM cell having more than two memory
states, the apparatus comprising a reference signal generat-
ing circuit which generates reference signals having levels
that constitute boundaries of memory states of the cell. The
reference signals are generated dependent upon a plurality of
signal levels that are set 1n substantial correspondence with
programming reference levels for controlling programming,
of the cell, with each programming reference level being

unique to a different memory state of the cell.

The mnvention also provides a programmable multi-level
memory apparatus, which comprises an EANVM cell hav-
ing more than two memory states, a programming circuit for
programming the cell, and a reference signal generating
circuit as just described.

In a preferred mode of the invention, the plurality of
signals used to generate state-bounding the reference signals
are themselves generated by reference cells that substan-
tially track changes 1n operating characteristics of the
EANVM cell with changes in conditions that affect the
operating characteristics. The reference cells may have
substantially the same construction as the EANVM cell, and
be manufactured concurrently with the EANVM cell, by the
same fabrication process, as elements of the same integrated
circuit with the EANVM cell. Thus, the signals that are used
to generate the state-bounding reference signals can track
changes 1n the operating characteristics of the EANVM cell
with high accuracy. This makes 1t possible to maintain
optimum programming margins throughout variations in
operating characteristics of the EANVM cell.

Another new concept of the present invention relates to
programming reference signal generation, and in particular
the use of reference cells for this purpose. According to this
concept, which may (but need not be) applied in conjunction
with the first concept discussed above, the programming
reference signals are generated by corresponding reference
cells which substantially track changes in operating charac-
teristics of the EANVM cell with changes 1n conditions that
alfect the characteristics. This assures a stable relationship
between the cell signal level and the programming reference
signal levels and leads to better programming consistency.

Thus, 1n accordance with yet another of its broader
aspects, the present invention provides a programmable
multi-level memory apparatus which comprises an EANVM
cell having more than two memory states, a programming
reference signal generating circuit, and a programming
circuit. The programming reference signal generating circuit
includes a plurality of reference cells which substantially
track changes 1n operating characteristics in the EANVM
cell with changes 1n conditions that affect the operating
characteristics. The reference cells include a corresponding
reference cell for each memory state, with each reference
cell being programmed such that the programming reference
signal generating circuit generates a programming reference
signal having a level unique to the corresponding memory
state. The programming circuit selectively programs the
EANVM cell in accordance with the level of each program-
ming reference cell.

Still further aspects of the invention relate to the meth-
odology of demarcating memory states of a multi-level
EANVM cell based on the principles discussed above.
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The principles of the present invention, as well as its
various aspects, features, and advantages, will be more tully
appreciated from the following detailed description taken 1n
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a generic schematic representation of a non-
volatile floating gate memory cell.

FIG. 2 1s a block diagram of a prior art single-bit memory
system.

FIG. 3 1s a timing diagram of the voltage threshold of a
prior art single-bit per cell EANVM system being pro-
crammed from an erased “1” state to a programmed “0”
state.

FIG. 4 1s a timing diagram of the bit line voltage of a prior
single-bit per cell EANVM during a read operation. It

illustrates VOLTAGE signals for both the programmed and
erased conditions.

FIG. § 1s a block diagram of an MxN memory array
implementing a multi-bit per cell EANVM system.

FIG. 6 1s a block diagram of a circuit for reading a
multi-bit EANVM cell.

FIG. 7 shows the bit line voltage as a function of time
during a read cycle for a 2-bit per cell EANVM which has
been programmed to one of four possible states, (0,0), (1,0),
(0,1) and a fully erased condition (1,1). Four separate
voltage levels are represented 1n this figure, each represent-
ing one of the four possible states. Only one of these would
be present for any given read operation.

FIG. 8 1s a block diagram of a multi-bit per cell system
combining program/verily and read circuitry.

FIG. 9 1s a timing diagram for the voltage threshold of a
2-bit EANVM cell being programmed from a fully erased
(1,1) state to one of the other three possible states.

FIG. 10 1s a timing diagram which 1illustrates the voltage
threshold of a 2-bit EANVM cell being erased from a fully
programmed (0,0) state to one of the other three possible
states.

FIG. 11 1s a timing diagram 1illustrating the voltage
threshold of a 2-bit EANVM cell during a program/verily

cycle using fixed width program pulses.

FIG. 12 1s a ttiming diagram 1llustrating the bit line voltage
of a 2-bit EANVM cell during a program/verily process
which uses fixed width program pulses.

FIG. 13 1s a timing diagram illustrating the voltage
threshold of a 2-bit EANVM cell during a program/verily
cycle using variable width program pulses.

FIG. 14 1s a timing diagram 1llustrating the bit line voltage
of a 2-bit EANVM cell during a program/verily process
which uses variable width program pulses.

FIG. 15 1s a simplified diagram of a circuit for generating,
read reference voltages for demarcating memory states 1n a
2-bit per cell EANVM 1n accordance with the present
invention.

FIG. 16 1s a diagram showing the relationship between the
read and programming reference voltages in a memory
system using the circuit of FIG. 15.

FIG. 17 illustrates a modification to the circuit of FIG. 15.

FIG. 18 1illustrates another circuit for generating read
reference voltages.

FIG. 19 1s a more generalized diagram 1illustrating how the
circuit of FIG. 16 can be applied to a 2-bit per cell EANVM
array.
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FIG. 20 1s a simplified diagram of a circuit for generating
programming reference voltages 1n accordance with the
present 1nvention. The circuit 1s shown coupled to a verily
reference select circuit for selecting among the program-
ming reference voltages.

FIGS. 21A-21D are timing diagrams of the bit line
voltage during readout of a 2-bit EANVM cell programmed
according to programming reference signals for each of the
four possible memory states.

FIG. 22 1s a simplified diagram illustrating a combined
circuit for generating both read and programming reference
voltages 1n accordance with the present mnvention.

FIG. 23 1s a diagram similar to FIG. 22, but in which the
reference cells are in the form of ROM cells.

DETAILED DESCRIPTION OF THE
INVENTION

The 1nvention will now be described 1n detail 1n relation
to several preferred embodiments 1llustrated in the accom-
panying drawings. Of course, 1t will be understood that the
illustrative embodiments are merely exemplary and that the
scope of the present invention, as defined 1n the appended
claims, encompasses a wide range of alternatives, modifi-
cations and equivalents, which may be implemented con-
sistent with the basic principles described herein.

Generally speaking, the invention described herein allows
multiple bits of mmformation to be efficiently and reliably
stored 1n and read from an electrically alterable non-volatile
memory (EANVM). In the preferred practice of the
invention, this 1s accomplished by electrically varying the
conductivity of the channel of a floating gate FET to be
within any one of K" conductivity ranges, where “K”
represents the base of the numbering system being employed
(in a binary system, K=2) and n is the number of bits stored
per cell (n=2). The conductivity range 1s then sensed and
encoded based on reference signal levels corresponding to
boundaries of the conductivity ranges to read out the
memory cell. The floating gate FET conductivity 1s electri-
cally modified using programming hardware and algorithms
which supply appropriate signals to the EANVM memory
device 1 a program/verily control cycle which incremen-
tally stores electrons on the floating gate until the desired
conductivity level 1s achieved. For the purpose of
illustration, the systems described herein will assume a
binary system which stores 2-bits per memory cell.

I. Conventional Single-Bit EANVM Devices

Before considering the subject matter of the present
invention 1n detail, i1t 1s appropriate, for purposes of

perspective, to consider conventional single-bit per cell
EANVM devices.

FIG. 1 1s a generic schematic representation of a non-
volatile floating gate FET memory cell 10.

The FET memory cell 10 includes a control gate 12 which
1s used either to select the memory cell for reading or 1s used
to cause electrons to be 1njected onto a floating gate 14
during the programming process. Floating gate 14 1s an
clectrically isolated structure which can indefinitely store
clectrons. A drain region 16 of the FET 1s coupled to a source
region 18 by a channel region 19. The presence or absence
of electrons on floating gate 14 alters the voltage threshold
of the memory cell 10 and, as a result, alters the conductivity
of its channel region. When the floating gate 14 1s fully
erased and the control gate 12 has been selected, the channel
region 19 is in the fully “on”, or high conductivity, state.
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When the floating gate 14 1s fully programmed, the channel
region 19 1s in the fully “off”, or low conductivity, state.

FIG. 2 1s a block diagram of a conventional single-bit
EANVM memory system 30. The memory system 30 stores

a single bit of information in an EANVM cell (FET) 32. The
cell 32, which has the same construction as FET 10 1in FIG.
1, 1s selected for reading or writing when a row, or word,
select signal 1s applied to a control gate terminal 34. A source
terminal 36 for the cell 32 1s connected to a reference ground

potential. A drain terminal 38 1s connected through a pull-up
device (resistor) 39 to a voltage Vpull-up at a terminal 40.
Terminal 38 serves as the output terminal of the cell 32.
When the cell 32 stores a “0” bit, the channel of the FET 1s
in a low conductivity, or high impedance, state so that the
voltage at terminal 38 1s pulled up to the voltage level
Vpull-up on terminal 40. When the cell 32 stores a “1” biut,
the channel of the FET 1s in a high conductivity, or low
impedance, state so that the voltage at terminal 38 1is
pulled-down by the ground potential at terminal 36.

For reading the value of the single bit stored in the cell 32,
a sense amplifier 42 compares the voltage at terminal 38
with a reference voltage Ref at terminal 43. If a “0” 1s stored
on the EANVM cell 32, the cell 1s 1n a low conductivity state
and, as a result, the voltage at terminal 38 1s above the
reference voltage at terminal 43. The output terminal 44 of
the sense amplifier 42 will be at a low voltage, which will
be transmitted through an output buifer 46 to a terminal 48
and then coupled to an I/O terminal 50 as a logical “0”. If
a “1” 1s stored in the EANVM cell 32, the cell 1s 1n a high
conductivity state and, as a result, the voltage at terminal 38
1s below the reference voltage at terminal 43. The output of
the sense amplifier 42 will be a high voltage which will be
transmitted to the I/O terminal 50 as a logical “1”.

For writing the value of an information bit 1n the cell 32,
it 1s assumed that the cell 32 1s initially 1n the erased or fully
“on” state, which corresponds to a logical “1”. The I/O
terminal 50 1s connected to the 1nput terminal of an 1nput
latch/butfer 52. The output of the mput latch/butfer 52 is
connected to an enable/disable terminal 54 of a program
voltage switch 56. The program voltage switch 56 provides
a bit-line program voltage on a signal line 58 connected to
terminal 38. Another output from the program voltage
switch 56 1s the word line program voltage on a signal line
62, which 1s connected to the control gate terminal 34 of the
EANVM cell 32. When a logical “0” 1s present at terminal
54 of the program voltage switch 56 from the output of 1nput
latch/buffer 52 and the program voltage switch 56 1s acti-
vated by a program pulse on a signal line 64 from a program
pulse generator 66, activated by a PGM/Write (Program/
Write) signal, the program voltage switch 56 provides the
program voltage Vpp (typically 12 volts) from a terminal 68
to the control gate terminal 34 of the EANVM cell 32 via
signal line 62. The program voltage switch 56 also biases the
drain of the EANVM cell 32 to a voltage somewhat less that
Vpp, typically about 8 to 9 volts. Under these conditions,
electrons are 1injected into the floating gate by a phenomenon
known as hot electron 1njection. This programming proce-
dure raises the voltage threshold of the EANVM cell, which
Increases 1ts source-drain impedance. This continues until
the FET memory cell 32 1s effectively turned off, which
corresponds to a “0” state. When a “1” 1s present on terminal
54 from the output of the mput latch/buffer 52 and the
PGM/Write signal 1s enabled, the signal line 58 1s driven low
and programming 1s inhibited so that the “1” or erased state
1s maintained.

FIG. 3 1s a timing diagram showing the change 1n voltage
threshold of the EANVM cell 32 under control of the word
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line and bit line programming voltages as the memory cell
1s being programmed from the fully erased “1” state to the
fully programmed “0” state. For simplicity, the word line
and bit line programming voltages, which are controlled by
the PGM/Write signal, are shown as a single pulse. For the
duration of the PGM/Write pulse, the bit and word line
program voltages are respectively applied to the drain of the
memory cell 32 via the bit line terminal 38 and to the control
gate via the control gate terminal 34 of the memory cell 32.
As electrons are injected onto the floating gate, the voltage
threshold of the memory cell begins to increase. Once the
voltage threshold has been increased beyond a specific
threshold value indicated by the dashed horizontal line, the
memory cell 32 1s programmed to a “0” state.

Fowler-Nordheim tunneling can also be used instead of
hot electron 1njection to place electrons on the floating gate.
The multi-bit EANVM device described herein functions
with either memory cell programming technique. The con-
ventional programming algorithms and circuits for either
type of programming are designed to program a single-bit
cell with as much margin as possible in as short a time as
possible. For a single-bit memory cell, margin 1s defined as
the additional voltage threshold needed to insure that the
programmed cell will retain 1ts stored value over time.

FIG. 4 1s a timing diagram showing the bit line voltage at
terminal 38 as a function of time during a memory read
operation. In this example, prior to time tl the bit line 1s
charged to the Vpull-up condition. Note that 1t 1s also
possible that the bit line may start at any other voltage level
prior to time t1. At time t1, the EANVM cell 32 1s selected
and, 1f the cell 32 1s 1n the erased or “1” state, the cell 32
provides a low impedance path to ground. As a result, the bit
line 1s pulled-down to near the ground potential provided at
terminal 36 1in FIG. 2. If the EANVM cell 32 were 1n the “0”
or fully programmed state, the bit line voltage would remain
at the Vpull-up voltage after time t1. The voltage on the
bit-line terminal 38 and the reference voltage Ref at terminal
43 are compared by the sense amplifier 42, whose buifered
output drives I/O terminal 50. When the reference voltage 1s
orcater than the bit line voltage, the output on I/O terminal
50 1s a logical “1”. When the reference voltage 1s lower than

the bit line voltage, the output on I/O terminal 50 1s a logical
EﬁO}!-

II. Memory Array for A Multi-Bit EANVM System

FIG. 5 1s a block diagram of a multi-bit per cell EANVM
system 100 1n accordance with the present invention, which
includes an MxN array of EANVM cells. The cells are
shown as floating gate FET cells 102, having the same
construction as described 1n connection with FIG. 1. The
ogeneral arrangement of the system 1s similar to that used for
conventional single-bit per cell memory devices, although
on a detailed level there are significant differences related to
the multi-bit per cell implementation as will be apparent
later.

Each cell 102 1in FIG. 5 belongs to a row and a column of
the array and has its source connected to a ground reference
potential and 1ts drain connected to a corresponding column
bit line 106. The column bit lines are connected to corre-
sponding pull-up devices indicated collectively by the block
105. All control gates of a row of cells are connected to a
corresponding row select, or word, line 104. Rows are
selected with a row select circuit 108 and columns are
selected with a column select circuit 110 i1n the usual
manner. Row and column address signals are provided over
corresponding address busses 103A and 103B. Sense ampli-
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fiers 112 are provided for each of the columns of the array.
Decode/encode circuits 114 and n-bit input/output latches/
buffers 116 are also provided (n=2 for a 2-bit per cell
system). A PGM/Write signal is provided at an input termi-
nal 118 for activating a mode control circuit 120 and a
fiming circuit 122.

A significant advantage of this multi-bit per cell system
100 as compared to a single-bit per cell implementation 1s
that the memory density 1s increased by a factor of n, where
n 1s the number of bits which can be stored 1 an individual
multi-bit memory cell.

III. Basic Read Mode/Circuitry For Multi-Bit
Memory Cell

FIG. 6 shows a binary system 150 for reading the state of
multi-bit floating gate memory cell 102. For this example,
the number of bits per cell (n) 1s assumed to be 2, so that one
of four states of the memory cell must be detected, the four
possible states being (0,0), (0,1), (1,0), and (1,1). To detect
which state 1s programmed, a 4-level sense amplifier 152 1s
provided. This amplifier includes three sense amplifiers 154,
156, and 158, cach of which has its negative mput terminal
connected to the output terminal 138 of the memory cell
102. Sense amplifier 154 has a reference voltage Ref3
connected to its positive input terminal, sense amplifier 156
has a reference voltage Ref2 connected to its positive input
terminal, and sense amplifier 158 has a reference voltage
Refl connected to its positive nput terminal. These refer-
ence voltages demarcate the four memory states of the cell
102 and are set so as to satisfy the relationship Vpull-
up>Ref3>Ref2>Refl (preferred techniques for generating
these reference voltages will be described later). The respec-
five output signals S3, S2, S1 of the three sense amplifiers
drive an encode logic circuit 160, which encodes the sensed
signals 83, S2, S1 into an appropriate 2-bit data format. Bit
0 1s provided at an I/O terminal 162, and Bit 1 1s provided
at an I/O terminal 164. A truth table for the encode logic
circuit 160 1s as follows:

S3 S2 S1 [/O 1 /O 0 State
L L L 0 0 (0,0)
H L L 1 0 (1,0)
H H L 0 1 (0,1)
H H H 1 1 (1,1)

During a read operation of the multi-bit memory cell 102,
the levels of the respective output signals S3, S2, S1 of the
sense amplifiers 154, 156, 158 are determined by the con-
ductivity value to which the memory cell has been set during
a programming operation (to be described later). When fully
erased, EANVM cell 102 will be m 1ts lowest threshold
voltage state—that 1s, the highest conductivity state.
Consequently, all of the reference voltages will be higher
than the bit line voltage at terminal 138, indicating a (1,1)
state. When fully programmed, EANVM cell 102 will be 1n
its highest threshold voltage state, that 1s, 1ts lowest con-
ductivity state. Consequently, all reference voltages will be
lower than the bit line voltage at terminal 138, indicating a
(0,0) state. The intermediate threshold states are encoded as
illustrated 1n the previous truth table for the logic circuit 160.

FIG. 7 shows the bit line voltage at terminal 138 as a
function of time during a read cycle for the memory cell 102.
For purposes of illustration, each of the four possible voltage
signals corresponding to the four possible programmed
states of the memory cell are shown. During a read cycle,
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only the signal corresponding to the actual programmed
state of the EANVM cell would occur. For example, assume
the EANVM memory cell 102 has been programmed to a
(1,0) state. Prior to time t1, because the EANVM cell 102

has not yet been selected or activated, the bit line 106 is
pulled up to Vpull-up. At time t1, the EANVM cell 1s

selected using standard memory address decoding tech-
niques. Because the EANVM cell has been programmed to
a specific conductivity level by the charge on the floating
cgate, the bit line 1s pulled down to a specific voltage level
corresponding to the amount of current that the cell can sink
at this specific conductivity level. When this point 1s reached
at time t2, the bit line voltage stabilizes at a voltage level
Vreld between reference voltages Ref 3 and Ref 2 which
bound the (1,0) state. When the EANVM cell 102 1s
de-selected, the bit line voltage will return to its pulled-up

condition. Similarly, the bit-line voltage stabilizes at Vrel2
for the (0,1) state or at 0 volts for the (1,1) state.

IV. Program and Read Circuitry for Multi-Bit
EANVM Cell

FIG. 8 1s a block diagram of circuitry 200 for program-
ming and reading memory cell 102. Although a binary 2-bat
per cell system 1s shown for purposes of 1llustration, 1t 1s to
be understood that the principles of the invention are simi-
larly applicable to any system where the EANVM cell has
more than two states. For example, 1n a non-binary system,
the memory states can be three or some other multiple of a
non-binary base.

The system 200 includes a memory cell 102 with a bit line
output terminal 138. For the read mode of operation, the
4-level sense amplifier 152, supplied with read reference
voltages Refl, Ref2, and Rei3, and the encoder 160 are
provided. Read data 1s provided at the Bit 0 I/O terminal 162
and at the Bit 1 I/O terminal 164.

For the write mode of operation, a verily reference select
circuit 222 provides an analog programming voltage refer-
ence level signal X to one input terminal of an analog
comparator 202. The programming reference voltages are
chosen so that as soon as the bit line voltage on bit line 106
has reached the programming reference voltage level cor-
responding to a target memory state, the EANVM cell 102
1s set to a proper threshold corresponding to the target
memory state. The programming reference voltages Vredl,
Vref2, Vref3d, and Vrefd are set such that Vrefd 1s above
Retf3, Vrefd 1s between Refd and Ref2, Vref2 i1s between
Refl and Ref2, and Vrell 1s below Refl. During a normal
read operation of either mntermediate memory state, the bit
line voltage will thus settle substantially midway between
the read reference voltages demarcating the intermediate
state to insure that the memory contents will be read
accurately.

The verify reference select circuit 222 1s controlled by the
two output bits from a 2-bit input latch/buffer circuit 224,
which receives binary input bits from the I/O terminals 162
and 164. The Y signal mnput terminal of the analog com-
parator 202 1s connected to the bit line output terminal 138
of the multi-level memory cell 102. The output signal from
the analog comparator 1s provided on a signal line 204 as an
enable/disable signal for a program voltage switch 220.

An output signal line 206 from the program voltage

switch 220 provides the word line program voltage to the
control gate of the EANVM cell 102. Another output signal

line 106 provides the bit line programming voltage to the bit
line terminal 138 of EANVM cell 102.

After the program/verily timing circuit 208 is enabled by
a PGM/Write signal provided on signal line 212 from a
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PGM/Write terminal 214, the timing circuit 208 provides a
series of program/verily timing pulses to the program volt-
age switch 220 on a signal line 210. The pulse widths are set
to control the programming process so that the voltage
threshold of the EANVM cell 102 1s incrementally altered
by controlling the 1njection of charge onto the floating gate
of the EANVM cell. Each programming cycle changes the
voltage threshold and, as a result, the conductivity of the
memory cell 102. After each internal program cycle 1is
complete, as indicated by signal line 210 going “high”, the
program voltages provided by the program voltage switch
220 are removed, and a verily cycle begins. The voltage
threshold of memory cell 102 1s then determined by using
the comparator 202 to compare the bit line voltage at
terminal 138 with the selected programming reference volt-
age from the verify reference select circuit 222. When the bit
line voltage has reached the level of the programming
reference voltage supplied by the verily reference select
circuit 222, the output signal from the comparator on line
204 will disable the program voltage switch 220, ending the

programming cycle.

For this embodiment of the invention, during a write
operation, comparison of the current memory cell analog
contents with the analog information to be programmed on
the memory cell 102 is performed by the analog comparator
202. The verity reference select circuit 222 analog output
voltage X 1s determined by decoding the output of the 2-bit
input latch/buffer 224. The Y input signal to the analog
comparator 202 1s taken directly from the bit line terminal
138. Note that the 4-level sense/encode circuits 152, 160,
and verily reference select circuit 222 may be completely
independent, as indicated 1n the drawing. Alternatively, they
may be coupled together to alternately time share common
circuit components. This 1s possible because the 4-level
sense/encode circuits 152 and 160 are used 1n the read mode
of operation while the verify reference select circuit 222 1s
used only 1n the write/verily mode of operation.

V. Basic Write Mode For Multi-Bit EANVM Cell

In the write mode, a binary multi-bit per cell EANVM
system must be capable of electrically programming a
memory cell to provide 2" umiquely different threshold
levels (n=the number of bits per cell). In the two-bit per cell
implementation, if it 1s assumed that the cell starts from the
erased (1,1) state, 1t 1s only necessary to program to three
different thresholds which correspond to the three non-
erased states. A first such threshold 1s determined so that, 1n
the read mode, the bit line voltage will fall between Refl and
Ref2. Another such threshold 1s determined so that, 1n the
read mode, the bit line voltage will fall between Ref2 and
Ref3. The third such threshold 1s determined so that, in the
read mode, the bit line voltage will be greater than Ref3.

FIG. 9 1illustrates the change in voltage threshold of a
4-level, or 2-bit, EANVM cell as the floating gate 1s being
charged from an erased (1,1) threshold state to any one of the
three other possible states (the charging being shown as
continuous for simplicity). Vtl, Vt2, and Vt3 in FIG. 9 are
thresholds corresponding to the read reference levels Refl,
Ref2, and Ref3, respectively. The plots labeled (0,1), (1,0),
and (0,0) correspond to the programming thresholds for
those states, which are the three non-erased states. In prior
art single-bit memory cells where there are only two states,
the design objective 1s to provide enough charge to the
floating gate to insure that the cell’s voltage threshold is
programmed as high as possible, as shown in FIG. 3.
Because there 1s no upper threshold limit 1n a single-bit per
cell system, overprogramming the cell will not cause incor-
rect data to be stored on the memory cell.
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As will be appreciated from FIG. 9, 1n a multi-bit per cell
system, the memory cell must be charged to a point so that
the voltage threshold 1s within a specific voltage threshold
range. For example, where the cell 1s being programmed to
a (1,0) state, the proper threshold range is defined as being
above a threshold level Vi2 and as being below a threshold

level Vt3. To accomplish this multi-level programming, the
prior art EANVM circuitry 1s modified to the arrangement
shown 1n FIG. 8. The comparator in FIG. 8, incidentally, 1s
preferably analog as shown. However, a digital comparator
could be used.

FIG. 10 1llustrates the voltage threshold of a 4-level, or
2-bit, EANVM cell as the floating gate 1s being erased from
a (0,0) state (the erasing being shown as continuous for
simplicity). The EANVM programming operating procedure
may call for a memory cell to be erased prior to being
programmed. This erasure can be performed at the byte,
block, or chip level and can be performed by electrical, UV,
or other means. In this type of system, the cell would be
completely erased to a (1,1) state prior to initiating a
programming cycle. If a system has the capability to erase
an 1ndividual memory cell, then it 1s not necessary to erase
all of the cells of a group prior to 1nitiating a programming,
operation. It 1s then possible to incrementally erase an
individual memory cell as necessary to program the cell to
the appropriate one of the voltage thresholds indicated by
the plots labeled (1,0), (0,1), and (1,1).

FIG. 11 1s a voltage threshold timing diagram which
illustrates how the system of FIG. 8 programs the 2-bit
EANVM cell 102 from an erased (1,1) state to a (1,0) state
using the timing circuitry 208 to generate fixed-width timing,
pulses. A low logic level state of the PGM/Write signal on
signal line 212 enables the timing circuit 208. After being
enabled at time t1, the timing circuit 208 provides an internal
fixed-width low-level internal PGM timing pulse on signal
line 210 to the program voltage switch 220. This pulse 1s
output following an initial verily cycle which will be dis-
cussed 1n connection with FIG. 12. For the duration of the
low state of the internal PGM timing pulse, the bit line and
word line program voltage outputs on lines 106 and 206 will
be raised to their respective programming voltage levels as
indicated i FIG. 11. During this programming process,
charge 1s added to the floating gate of the memory cell 102.
When the internal PGM timing pulse from timing circuitry
208 switches to a high level, the programming voltages are
removed and a verily cycle begins. For this example, verily
reference voltage Vreld 1s compared with the bit line volt-
age. This internally controlled program/verily cycle repeats
itself until the bit line voltage on terminal 138 has reached
Vrefd. At this time, t2, the EANVM cell 102 1s verified to
have been programmed to a (1,0) state, and programming is
halted by the comparator 222 providing a disable signal on
signal line 204 to the program voltage switch 220.

FIG. 12 1illustrates the bit line voltage of the 2-bit
EANVM cell 102 as 1t 1s being programmed from the fully
erased, or fully “on”, state (1,1) to the partially “off” state
(1,0) using fixed-width program pulses. When the externally
applied PGM/Write pulse 1s applied at time t1, the program/
verily timing circuit 208 first initiates a verify cycle to
determine the current status of the memory cell 102. This 1s
indicated by the bit line voltage being pulled to a ground
condition (corresponding to the erased state) from, in this
example, Vpull-up, although prior to time tl1, the bit line
voltage could be pre-set to any voltage level. Once the cell
has been determined to be i1n the erased state, the first
program cycle 1s mitiated. This 1s represented by the bit line
voltage being pulled up to Vprogram. After the first fixed-
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width programming pulse ends, a verily cycle begins. This
1s represented by the bit line voltage being pulled down to
a point midway between ground potential and Refl. During
cach successive verily cycle, the bit line voltage 1s observed

to incrementally increase. This program/verily cycle con-
finues until the bit line voltage has reached the selected
programming reference voltage, 1 this case Vreld, which
indicates a memory state of (1,0), at time t2.

FIG. 13 illustrates how the 2-bit EANVM cell 102 1s
programmed from the erased (1,1) state to the (1,0) state
using a timing circuit 208 that generates variable-width
programming pulses. The internal PGM pulses for this
implementation start with a low state longer than for the
fixed-width implementation of FIGS. 11 and 12. The low
state pulse widths grow progressively shorter as the memory
cell approaches the target voltage threshold. This approach
requires more precise control than the fixed-width approach.
However, programming times can be greatly reduced on
average.

FIG. 14 1llustrates the bit line voltage of cell 102 as it 1s
being programmed from the fully erased, or fully “on”, state
(1,1) to the partially “off” state (1,0) using variable length
program pulses. When the externally applied PGM/Write
pulse goes to an active low level at time t1, the program/
verily timing circuit 208 first initiates a verily cycle to
determine the current status of the memory cell 102. This 1s
indicated by the bit line voltage being pulled to a ground
condition (corresponding to the erased state) from, in this
example, Vpull-up, although prior to time t1, the bit line
voltage could be preset to any voltage level. Once the cell
has been determined to be i1n the erased state, the first
program cycle 1s mitiated. This 1s represented by the bit line
voltage being pulled up to Vprogram. After the first variable
length programming pulse 1s over, another verify cycle
begins. This 1s represented by the bit line voltage being
pulled down to a point midway between Refl and Ref2.
During each successive verify cycle, the bit line voltage 1s
observed to have increased. This program/verily cycle con-
finues until the bit line voltage has reached the selected
programming reference voltage, 1 this case Vreld, which
indicates a memory state of (1,0), at time t2.

As explaimned above, the programming process for the
multi-bit per cell EANVM uses pr ogram/verily cycles, to
incrementally program the cell. The durations of these
cycles are determined by the timing circuit 208. A key
clement of the system 1s to provide a programming scheme
which provides for accurate programming of the memory
cell 102. This 1s accomplished by matching the pulse widths
of the timing pulses of the timing circuitry 208 to the
program time of the EANVM cell being used. As seen from
FIGS. 11 and 13, a desired voltage threshold actually falls
within a range of threshold voltages. If the program pulses
are too long, then too much charge may be added to the
floating gate of the memory cell 102. This may result 1n an
overshoot of the target voltage threshold, resulting 1n incor-
rect data being stored 1n the memory cell.

The programming pulse width 1s set such that if the
voltage threshold of the cell 102 after the (N-1)Th program-
ming pulse 1s at a point just below the target voltage
threshold, then the (N)Th, or final, program pulse will not
cause an overshoot resulting in an over programmed con-
dition for a memory cell.

VI. Embodiments to Establish Reference Voltages
for Programming and Memory State Demarcation

The program and read circuitry in FIG. 8 uses selectable
programming reference voltage signals supplied to a bit line
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comparator to control programming of the multi-bit memory
cell. Programming 1s accomplished without reading out the
cell. This allows for a significant reduction 1n programming
time relative to previous systems that require repeated
readout of the memory state of the cell during the program-
ming process.

The following discussion addresses preferred modes of
reference signal generation 1n accordance with the present
invention. In principle, the system of FIG. 8 1s not limited as
to the manner 1n which the programming and read reference
signals are established. The embodiments described in this
section, however, implement important new concepts in
memory state demarcation and programming control to
enhance the reliability of the system.

The embodiments for memory state demarcation are
based on a new concept whereby the read reference signals
are generated using the programming reference signals, or
signals set 1n substantial correspondence with the program-
ming reference signals. The read reference signals are thus
cifectively dependent upon the programming reference sig-
nals. Because of this dependence, the system design can
cuarantee that the two sets of signals will closely conform
with a predetermined relationship for program margining.
For example, as will be seen 1n the 1llustrative embodiments,
the programming reference voltages of two adjacent
memory states may be subjected to voltage division to
ogenerate the intervening read reference voltage. The read
reference voltage will then fall midway between the two
programming reference voltages. As a result, the two pro-
cramming reference voltages are equally marginate from the
read reference voltage.

The embodiments related to programming control par-
ticularly address programming reference voltage generation.
These embodiments employ reference cells which substan-
fially track changes in operating characteristics of the
memory cell (and thus its bit line signal) with changing
conditions that affect the operating characteristics, such as
temperature, system voltages, or mere passage of time. The
use of such reference cells, which preferably have the same
(or at least in large part the same) construction as the
memory cell, assures a stable relationship between the
programming reference voltages and the operating charac-
teristics of the memory cell.

When the reference cells for program voltage generation
are used to generate the read reference voltages as well, the
read reference voltages will also closely track the changes in
operating characteristics of the memory cell. This assures
that data stored 1n the memory cell over a long period of time
can be read out accurately. An alternative to using the
programming reference cells for this purpose 1s to use a
separate group of reference cells to genera te voltages
substantially the same as the programming reference volt-
ages. Using the voltages from the separate group of cells to
generate the read reference voltages would provide a similar
tracking effect of the read reference voltages.

FIG. 15 1s a simplified diagram 1illustrating a circuit for
ogenerating the read reference voltages Refl, Ref2, and Ref3.
In the form shown, the read reference voltages are generated
by corresponding columns 1210, 1211, and 1212 of the
circuit, each comprising a pair of reference cells connected
in a voltage divider arrangement to generate the correspond-
ing read reference signal. Column 1210 includes a first pair
of reference cells 1203, 1204 for generating voltage Refl.
Column 1211 includes a second pair of reference cells 12035,
1206 for generating voltage Ref2. Column 1212 includes a
third pair of reference cells 1207, 1208 for generating
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voltage Rel3d. Also shown in FIG. 15 1s a bit line column
1209. The bit line column constitutes a portion of the main
memory cell array and includes a memory cell 1202.

In order that the read reference voltages will precisely
frack changes i1n the memory cell bit line signal with
changing conditions that affect the operating characteristics
of the memory cells 1n the main array, reference cells
1203-1208 of the reference voltage generating circuit may,
in one preferred mode, be of the same type and construction
as their associated memory cells (e.g., cell 1202) of the main

array. Thus, all of the cells 1202-1208 1in FIG. 15 are
assumed to be floating-gate-FET EANVM cells as previ-
ously described, all having the same construction. The
reference cells, and 1indeed the reference columns, are prel-
erably fabricated simultaneously with and by the same
method as the columns of the main array, as part of the same
integrated circuit with the array. Alternatively, the reference
columns may be fabricated by way of the same method as
the main memory cell array, but at a different time and/or as
parts of a different integrated circuat.

Each of the reference cells 1203—1208 1n FIG. 15 shares

a common word (row select) line 1243 with the memory cell
1202. Each reference cell 1s also coupled, at its bit line, to
a column pull-up voltage Vpull-up and the associated col-
umn output terminal via associated select transistors (FETS)

1201 and 1213, which may be NMOS or PMOS devices, for
example. The select transistors 1201 are controlled via

respective select lines 1214, and the select transistors 1213
are controlled via respective select lines 1215'. The bait lines
of each pair of reference cells are connected together, as
shown, to form the respective voltage divider arrangements.
The memory cell 1202 1s also coupled to a column pull-up
voltage and the associated column bit line output via a pair
of select transistors 1201, 1213 controlled respectively by

select lines 1214, 1215.

The reference cells 1203-1208 are pre-programmed at the
factory to voltage thresholds corresponding to the program-
ming reference voltages Vrell—Vret4. Speciifically, reference
cells 1203 and 1204 are programmed respectively to voltage
thresholds V1 and V2 to produce voltages equal to program-
ming reference voltages Vrefl and Vrel2 on their respective
bit lines. Reference cells 1205 and 1206 are respectively
programmed to voltage thresholds V2 and V3 to produce
voltages equal to programming reference voltages Vref2 and
Vreld. Reference cells 1207 and 1208 are respectively
programmed to voltage thresholds V3 and V4 to produce
voltages equal to programming references Vreld and Vrei4.
The programming of the reference cells may be accom-
plished in any suitable manner. For example, the memory
device may be provided with dedicated pins for external
application of standard reference voltages to charge the
cells. As another alternative, the memory device may incor-
porate an on-board set of ROM cells having implant dosages
for providing bit line voltages corresponding to the desired
programming reference voltages. The ROM bit line voltages
would be used as programming reference voltages for 1ni-
tially programming the EANVM reference cells. The
EANVM reference cells could be selectively coupled to the
program verification comparator 202 (FIG. 8) to provide
signal Y, and the ROM bit line voltages could be selectively
applied to the comparator as signal X to program the
EANVM reference cells by a programming operation as

previously described. By using programming pulses of small
width(s), the reference cells would be programmed with
oood accuracy. The ROM cells could also be used to
reprogram the EANVM reference cells (under predeter-
mined standard conditions) to restore the voltage thresholds
of the reference cells to design values, 1f necessary.
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By setting the successive programming reference voltages
Vrefl-Vref4 at equal intervals and correspondingly pro-
cramming the voltage thresholds of the reference cells, the
reference signal generating circuit shown in FIG. 15 estab-
lishes relationships between the programming reference
voltages and the read reference voltages as shown 1n FIG.
16. It should be noted that the assignment of particular
memory states to the programming reference voltages
Vrefl—Vref4 1s not a critical matter, although good design
practice dictates that the assignments should be consistent
throughout the memory system. In a system employing error
correction, 1t may be advantageous to assign the memory
states out of binary sequence to facilitate optimization of
error detection and correction algorithms. The present dis-
cussion assumes assignment of the memory states to the
programming reference voltages 1in a non-binary sequence.
Specifically, memory state (1,1) is assigned to the first
(lowest) programming reference voltage Vrefl, memory
state (0,1) is assigned to the second programming reference
voltage Vref2, memory state (1,0) 1s assigned to the third
programming reference voltage Vrefd, and memory state
(0,0) 1s assigned to the fourth (highest) programming refer-
ence voltage Vrei4.

As shown 1n FIG. 16, each read reference voltage is
established so that the programming reference voltages for
the memory states immediately above and below are equally
margined relative to the read reference voltage. More
particularly, the read reference voltages are defined as fol-
lows:

Refl=(Vrefl+Vref2)/2

Ref2=(Vref2+Vref3)/2

Ref3=(Vrefd+Vref4)/2

By virtue of the foregoing relationships, each read refer-
ence level will always be optimally margined relative to the
adjacent programming reference levels at a position midway
between the programming reference levels. Furthermore,
because the operating characteristics of the reference cells
track variations 1n the operating characteristics of the
memory cell with changing conditions that affect the oper-
ating characteristics, the relationships shown 1n FIG. 16 are
maintained throughout such variations. This ensures that
data stored in the memory cell over a long period of time can
be read out accurately despite differences 1n temperature,
system voltages, etc. at the time of readout relative to the
time of data storage. The curve shown 1n FIG. 16 indicates
the bit line voltage of the memory cell during readout,
assuming the cell 1s programmed to programming reference
voltage Vrefl.

In a practical application, 1t 1s possible that the voltages
appearing at the outputs of the reference voltage columns
1210, 1211, 1212 will deviate slightly from the design
values. Deviations may occur, for example, due to asym-
metries 1n the physical arrangement of the circuit
components, which are ordinarily laid out to maximize the
compactness of the integrated circuit. Such asymmeftries
may result 1in differing line lengths and capacitance effects,
for example, relative to the individual reference cells of a
orven pair. The deviations can be determined in advance by
computer simulation of the circuit using standard computer
simulation techniques. It 1s then possible to compensate for
the deviations by adding appropriate signal pulling devices
on the read reference lines to pull the divided outputs of the
reference cells to the design values. Such devices may also
be provided for similar reasons on the memory cell bit lines
of the main array.

FIG. 17 shows a read-reference signal generating circuit
as just described. The circuit 1s 1dentical to that of FIG. 15,




6,014,327

17

except for the addition of the aforementioned signal pulling
devices. These devices may be constituted by field etfect
transistors 1220-1223, as shown, or by any other suitable
type of device for this purpose, such as capacitor and resistor
combinations, etc. The signal pulling devices are preferably
connected as closely as possible to the points where the read
reference signals (and memory bit line signals) feed into the
multi-level sense amplifier for reading out the memory cell.
Such an arrangement will optimize the accuracy of the
voltage values supplied to the sense amplifier relative to the
design values. This is, of course, desirable from the stand-
point of high accuracy program margining and memory
readout.

FIG. 18 1s a ssmplified diagram showing another embodi-
ment of a circuit 1200" for generating the read reference
signals Refl, Ref2, and Refd This circuit 1s based on the
design of the circuit i FIG. 17, but the higher-value
reference cell and signal puller of each reference column are
replaced by a corresponding single pull-up device 1321,
1322, or 1323 to provide the voltage divider arrangements,
as shown. The pull-up devices on the individual read refer-
ence lines 1n FIG. 18 have their respective signal-pulling
capacities set so that the read reference voltages will assume
the same relationships relative to the programming reference
voltages as shown 1 FIG. 16. It should be noted that this
embodiment 1s less preferred than the arrangement of FIG.
17 from the standpoint of tracking the memory cell, since the
pull-up devices 1321, 1322, and 1323 on the read reference
lines will not track the memory cell 1202 as closely as the
reference cells with changing operating conditions.

FIG. 19 1s a more generalized diagram 1illustrating how the
reference signal generating circuit of FIG. 15 can be applied
fo a memory array. For convenience in FIG. 19, the select
line 1214 and select transistors 1201, which are not required
but may be desirable to reduce energy consumption, for
example, have been replaced by a generic network of
column pull-ups (so designated).

As shown 1n FIG. 19, each row of memory cells in the
array 1s provided with a corresponding set of reference cells
1203—1208 connected to form voltage divider arrangements
as previously described. Each set (row) of reference cells
would be selected individually for providing signals on the
reference column bit lines for readout of a memory cell of
the corresponding row of the main array. Although 1t 1is
consistent with the principles of the present invention to use
a single set of reference cells for all of the memory cells of
the array (in which case the reference cells need not share
the word line of any row of the array), the use of dedicated
sets of reference cells for each row of the array 1s preferred
for accuracy. More particularly, the use of dedicated refer-
ence cells allows for better symmetry 1n the arrangement of
cach set of reference cells relative to that of the correspond-
ing row of memory cells within the overall memory circuat.
For example, a reference cell for row M of the memory array
in FIG. 20 will have the same number and type of compo-
nents connected between its bit line terminal and the refer-
ence column output as does each corresponding memory cell
1202 between 1ts bit line terminal and the column bit line
output. Also, the line length from the bit line terminal of the
reference cell to the reference column output can made close
to or the same as the line length from the bit line terminal of
cach corresponding memory cell to 1ts associated column bit
line output. Signal pulling devices may be added on the bit
and read reference lines in a manner similar to FIG. 17. In
this case, the signal pulling capacity of each device would be
determined by suitable calculation during the computer
simulation process to provide the best overall accuracy of
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the signal levels provided by the different cells within each
column of the system.

FIG. 20 1s a simplified diagram showing a circuit 1500
(above the dashed line) for generating programming refer-
ences Vrell-Vref4 and an associated verily reference select
circuit 222 (below the dashed line) for outputting the
selected signal X for program verification. As shown 1n FIG.
20, cach row of the memory array 1s coupled with a set of
reference cells 1503—1506 having the same construction as
the memory cells. The reference cells need not be part of the
same 1ntegrated circuit as the memory array, but they are
preferably fabricated simultaneously with and by the same
process as the array, as part of the same 1ntegrated circuit, for
the reasons previously explained. The use of a dedicated set
of programming reference cells for each row of the array is
preferable for the same reasons as were discussed 1 con-
nection with the arrangement of FIG. 20. The reference cells
for producing the programming reference signals
Vreifl—Vreid4 are arranged in corresponding columns
1511-1514, with their bit line terminals commonly con-
nected to a corresponding bit line and a network of column
pull-ups (so designated). Each set (row) of reference cells
would be individually selected, via an associated word line
1543, for providing signals on the corresponding column bit
lines for programming verification of a memory cell of the
corresponding row of the main memory array.

Each reference cell 1503 1n column 1511 1s pre-
programmed at the factory (for example, as previously
described in connection with FIG. 15) to the voltage thresh-
old V1 to produce voltage Vrefl on the column bit line. Each
reference cell 1504 1n column 1512 is pre-programmed to
the voltage threshold V2 to produce voltage Vref2 on the
column bit line. Each reference cell in column 1513 1is
pre-programmed to the voltage threshold V3 to produce
voltage Vreld on the column bit line. Each reference cell in
column 1514 1s pre-programrlmed to the voltage threshold
V4 to produce voltage Vref4 on the column bit line. Signal
pulling devices may be added on the column bit lines as
previously explained 1f necessary to compensate for devia-
tions of the column bit line voltages due to etfects of layout
asymmetries and the like.

The bit lines of columns 1511-1514 are coupled to
corresponding select transistors (e.g., FETs) 271274 of
verily reference select circuit 222. The select transistors,
which may be NMOS or PMOS devices, for example, can be
controlled by a s1 mple logic circuit, such as the logic circuit
L.C shown 1n FIG. 20. The circuit LC in FIG. 20 operates 1n
accordance with the following truth table. Note that the
signals I/00 and I/01 are provided as inputs from the 1nput

latch/buffer 224 (see FIG. 8).

[/O0 1/01 Vrefl Select  Vref2 Select Vref3 Select Vretd Select
0 0 I L L H
1 0 I L H | B
0 1 I H L L
1 1 H L | B y

FIGS. 21A-21D are readout timing diagrams showing the
bit line voltage level of a selected memory cell in FIG. 20
after programming to each of the four memory states. In
cach diagram, at time tO, the bit line voltage 1s at its
pre-charged value of Vpull-up, which 1s at or very near the
value of Vref4. At time t1, the voltage level has dropped to
the range indicated by the two closely spaced lines which are
centered around the Vref level for the programmed state. The
two lines 1ndicate that there 1s a slight range of tolerance for
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the bit line voltage level relative to the programming voltage
reference level during read out of the memory cell. FIG. 21A
illustrates the bit line voltage when the memory cell has been
programmed to the voltage threshold V1 corresponding to
the programming reference level Vrefl. FIG. 21B illustrates
the bit line voltage when the memory cell has been pro-
crammed to the voltage threshold V2 corresponding to the
programming reference level Vrel2. FIG. 21C illustrates the
bit line voltage when the memory cell has been programmed
to the voltage threshold V3 corresponding to the program-
ming reference level Vrefd. FIG. 21D 1illustrates the bit line
voltage when the memory cell has been programmed to the
voltage threshold V4 corresponding to the programming,
reference level Vrei4.

While the read reference and programming reference
generating circuits have been shown and described as sepa-
rate circuits above, the circuits may readily be combined to
share components as shown 1 FIG. 22. This 1s possible
because the programming reference signals and the read
reference signals need not be used at the same time. More
particularly, the programming reference signals need only be
used during the memory cell programming operation,
whereas the read reference signals need only be used during,
the memory cell readout operation.

The circuit shown 1 FIG. 22 1s a modification of the
circuit of FIG. 19. In the circuit of FIG. 22, the bit line of
reference cells 1203 1s connected to provide programming
reference voltage Vrefl, the bit line of reference cells 1204
1s connected to provide programming reference voltage
Vref2, the bit line of reference cells 1207 1s connected to
provide programming reference voltage Vreld, and the bit
line of reference cells 1208 1s connected to provide pro-
cramming reference voltage Vrel4. Select transistors
271-274 correspond to the select transistors shown in FIG.

20.

FIG. 23 shows a modification of the circuit in FIG. 22, 1in
which the EANVM reference cells 1203—1208 are replaced
by ROM cells 2203-2208, respectively. The use of ROM
cells as reference cells 1s advantageous because 1t avoids the
initial programming requirement of EANVM reference
cells, although the tracking effect of the reference signals
relative to the EANVM cells of the main array may be
reduced somewhat. To maximize the tracking effect, corre-
sponding portions of the ROM cells and the EANVM cells
can be fabricated by the same Process steps. For example,
the sources, drains, channel regions, and control gates of the
EANVM cells and the ROM cells may be fabricated in this
manner, with separate process steps being used to provide
the EANVM floating gates and the ROM threshold implants.

As previously stated, the illustrative embodiments
described herein are merely exemplary, and numerous
changes and modifications can be made consistent with the
principles of the invention. For example, although the inven-
fion has been explained 1n terms of voltage-based memory
systems which utilize voltage signals from the memory and
reference cells, the principles of the mvention are equally
applicable to current-based memory systems 1n which cur-
rent levels rather than voltage levels are utilized.

The 1nvention claimed:

1. For an electrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
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multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1n
parallel between a second bit line and the reference
potential, electrons being capable of being mjected 1nto the
floating gate by a phenomenon of hot electron injection from
the channel of each of the plurality of non-volatile multi-
level memory cell, electric currents flowing through the
channels of the multi-level memory cells of the first group
and electric currents flowing through the channels of the
multi-level memory cells of the second group being sub-
stantially flowing 1n a same direction, a method of operating
the electrically alterable non-volatile multi-level memory
device, comprising;:

settling a parameter of at least one non-volatile multi-
level memory cell of the plurality of non-volatile
multi-level memory cells to one state selected from a
plurality of states including at least a first state, a
second state, a third state and a fourth state in response
to information to be stored in the one non-volatile
multi-level memory cell,

verilying whether the parameter of the one non-volatile
multi-level memory cell has being settled to the one
state selected from the plurality of states by comparing
the parameter of the one non-volatile multi-level
memory cell with a plurality of verifying reference
parameters including at least a first verifying reference
parameter, a second verifying reference parameter, a
third verifying reference parameter and a fourth veri-
fying reference parameter, and of repeating the opera-
tion for settling the parameter and the operation for
verifying until 1t 1s verified by the operation for veri-
fying that the parameter of the one non-volatile multi-
level memory cell has being settled to the one state,

reading status of the one non-volatile multi-level memory
cell by comparing the parameter with a plurality of
reading reference parameters mcluding at least a first
reading reference parameter, a second reading refer-
ence parameter and a third reading reference parameter,

wherein a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth
state,

wherein the first reading reference parameter 1s allocated
between the first state and the second state, the second
reading reference parameter 1s allocated between the
second state and the third state, and the third reading
reference parameter 1s allocated between the third state
and the fourth state,

wherein the first reading reference parameter, the second
reading reference parameter and the third reading ref-
erence parameter are parameters for a normal read
operation 1n which the information stored in the one
non-volatile multi-level memory cell can be read out by
output data of a plurality of bats,

wheremn the normal read operation 1s carried out by
parallel-comparing the parameter with the plurality of
reading reference parameters by using a plurality of
sense circults 1ncluding at least a first sense circuit, a
second sense circuit and a third sense circuit, first input
terminals of the first sense circuit, the second sense
circuit and the third sense circuit are commonly sup-
plied with the parameter from the one non-volatile
multi-level memory cell, a second input terminal of the
first sense circuit 1s supplied with the first reading
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reference parameter, a second iput terminal of the
second sense circuit 1s supplied with the second reading
reference parameter and a second 1nput terminal of the
third sense circuit 1s supplied with the third reading
reference parameter, and

wherein the first verifying reference parameter 1s allo-
cated below the first reading reference parameter, the
seccond verilying reference parameter 1s allocated
between the first reading reference parameter and the
second reading reference parameter, the third verifying
reference parameter 1s allocated between the second
reading reference parameter and the third reading ref-
crence parameter and the fourth verifying reference
parameter 1s allocated above the third reading reference
parameter.

2. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 1,
wherein the operation for settling the parameter includes an
erasure operation in which non-volatile multi-level memory
cells of one of a byte, a block and a chip level can be erased.

3. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 2,
wherein the operation for settling the parameter includes a
program operation 1 which electrons are 1njected mto a
floating gate of the one non-volatile multi-level memory
cell.

4. For an electrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled in parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1n
parallel between a second bit line and the reference
potential, electrons being capable of being 1njected 1nto the
floating gate by a phenomenon of hot electron injection from
the channel of each of the plurality of non-volatile multi-
level memory cell, electric currents flowing through the
channels of the multi-level memory cells of the first group
and electric currents flowing through the channels of the
multi-level memory cells of the second group being sub-
stantially flowing in a same direction, a method of operating
the electrically alterable non-volatile multi-level memory
device, comprising;:

controlling an electrical value of at least one non-volatile

multi-level memory cell of the plurality of non-volatile
multi-level memory cells to one state selected from a
plurality of states including at least a first state, a
second state, a third state and a fourth state in response
to information to be stored 1n the one non-volatile
multi-level memory cell,

verifying whether the electrical value of the one non-
volatile multi-level memory cell has being controlled to
the one state selected from the plurality of states by
comparing the electrical value of the one non-volatile
multi-level memory cell with a plurality of verifying
reference electrical values including at least a {first
verifying reference electrical value, a second veritying,
reference electrical value, a third verifying reference
clectrical value and a fourth verifying reference elec-
trical value, and of repeating the operation for control-
ling the electrical value and the operation for verifying
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until 1t 1s verified by the operation for verifying that the
electrical value of the one non-volatile multi-level

memory cell has being controlled to the one state,

reading status of the one non-volatile multi-level memory
cell by comparing the electrical value with a plurality
of reading reference electrical values including at least
a first reading reference electrical value, a second
reading reference electrical value and a third reading
reference electrical value,

wherein a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth
state,

wheremn the first reading reference electrical value 1s
allocated between the first state and the second state,
the second reading reference electrical value 1s allo-
cated between the second state and the third state, and
the third reading reference electrical value 1s allocated
between the third state and the fourth state,

wherein the first reading reference electrical value, the
second reading reference electrical value and the third
reading reference electrical value are electrical values
for a normal read operation 1in which the information
stored 1n the one non-volatile multi-level memory cell
can be read out by output data of a plurality of bits,

wheremn the normal read operation 1s carried out by
parallel-comparing the electrical value with the plural-
ity of reading reference electrical values by using a
plurality of sense circuits including at least a first sense
circuit, a second sense circuit and a third sense circuit,
first input terminals of the first sense circuit, the second
sense circuit and the third sense circuit are commonly
supplied with the electrical value from the one non-
volatile multi-level memory cell, a second mput termi-
nal of the first sense circuit 1s supplied with the first
reading reference electrical value, a second input ter-
minal of the second sense circuit 1s supplied with the
second reading reference electrical value and a second
input terminal of the third sense circuit is supplied with
the third reading reference electrical value, and

wheremn the first verifying reference electrical value 1s
allocated below the first reading reference electrical
value, the second veritying reference electrical value 1s
allocated between the first reading reference electrical
value and the second reading reference electrical value,
the third verifying reference electrical value 1s allocated
between the second reading reference electrical value
and the third reading reference electrical value and the
fourth verifying reference electrical value 1s allocated
above the third reading reference electrical value.

5. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 4,
wherein the operation for controlling the electrical value
includes an erasure operation 1 which non-volatile multi-
level memory cells of one of a byte, a block and a chip level
can be erased.

6. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 3§,
wherein the operation for controlling the electrical value
includes a program operation in which electrons are injected
into a floating gate of the one non-volatile multi-level
memory cell.

7. For an electrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
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trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1in
parallel between a second bit line and the reference
potential, electrons being capable of being 1njected 1nto the
floating gate by a phenomenon of Fower-Nordheim tunnel-
ing from the channel from the channel of each of the
plurality of non-volatile multi-level memory cell, electric
currents flowing through the channels of the multi-level
memory cells of the first group and electric currents flowing
through the channels of the multi-level memory cells of the
second group being substantially flowing 1n a same
direction, a method of operating the electrically alterable
non-volatile multi-level memory device, comprising:

settling a parameter of at least one non-volatile multi-
level memory cell of the plurality of non-volatile
multi-level memory cells to one state selected from a
plurality of states including at least a first state, a
second state, a third state and a fourth state in response
to information to be stored in the one non-volatile
multi-level memory cell,

verifying whether the parameter of the one non-volatile
multi-level memory cell has being settled to the one
state selected from the plurality of states by comparing
the parameter of the one non-volatile multi-level
memory cell with a plurality of verifying reference
parameters including at least a first verifying reference
parameter, a second verilying reference parameter, a
third verifying reference parameter and a fourth veri-
fying reference parameter, and of repeating the opera-
tion for settling the parameter and the operation for
verifying until 1t 1s verified by the operation for veri-
fying that the parameter of the one non-volatile multi-
level memory cell has being settled to the one state,

reading status of the one non-volatile multi-level memory
cell by comparing the parameter with a plurality of
reading reference parameters including at least a first
reading reference parameter, a second reading refer-
ence parameter and a third reading reference parameter,

wherein a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth

state,

wherein the first reading reference parameter 1s allocated
between the first state and the second state, the second
reading reference parameter 1s allocated between the
second state and the third state, and the third reading
reference parameter 1s allocated between the third state
and the fourth state,

wherein the first reading reference parameter, the second
reading reference parameter and the third reading ref-
erence parameter are parameters for a normal read
operation 1n which the mformation stored in the one
non-volatile multi-level memory cell can be read out by
output data of a plurality of bats,

wherein the normal read operation 1s carried out by
parallel-comparing the parameter with the plurality of
reading reference parameters by using a plurality of
sense circuits 1including at least a first sense circuit, a
second sense circuit and a third sense circuit, first input
terminals of the first sense circuit, the second sense
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circuit and the third sense circuit are commonly sup-
plied with the parameter from the one non-volatile
multi-level memory cell, a second input terminal of the
first sense circuit 1s supplied with the first reading
reference parameter, a second iput terminal of the
second sense circuit 1s supplied with the second reading,
reference parameter and a second mput terminal of the
third sense circuit 1s supplied with the third reading

reference parameter, and

wheremn the first verifying reference parameter 1s allo-
cated below the first reading reference parameter, the
seccond verilying reference parameter 1s allocated
between the first reading reference parameter and the
second reading reference parameter, the third verifying
reference parameter 1s allocated between the second
reading reference parameter and the third reading ref-
crence parameter and the fourth verifying reference
parameter 1s allocated above the third reading reference
parameler.

8. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 7,
wherein the operation for settling the parameter includes an
erasure operation 1n which non-volatile multi-level memory
cells of one of a byte, a block and a chip level can be erased.

9. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 8,
wherein the operation for settling the parameter includes a
program operation in which electrons are injected into a
floating gate of the one non-volatile multi-level memory
cell.

10. For an electrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1in
parallel between a second bit line and the reference
potential, electrons being capable of being mjected into the
floating gate by a phenomenon of Fower-Nordheim tunnel-
ing from the channel from the channel of each of the
plurality of non-volatile multi-level memory cell, electric
currents flowing through the channels of the multi-level
memory cells of the first group and electric currents flowing
through the channels of the multi-level memory cells of the
sccond group being substantially flowing in a same
direction, a method of operating the electrically alterable
non-volatile multi-level memory device, comprising:

controlling an electrical value of at least one non-volatile
multi-level memory cell of the plurality of non-volatile
multi-level memory cells to one state selected from a
plurality of states including at least a first state, a
second state, a third state and a fourth state 1n response
to information to be stored in the one non-volatile
multi-level memory cell,

verilying whether the electrical value of the one non-
volatile multi-level memory cell has being controlled to
the one state selected from the plurality of states by
comparing the electrical value of the one non-volatile
multi-level memory cell with a plurality of verifying
reference electrical values including at least a first
verifying reference electrical value, a second veritying
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reference electrical value, a third verifying reference
clectrical value and a fourth verifying reference elec-
trical value, and of repeating the operation for control-
ling the electrical value and the operation for verifying
until it 1s verified by the operation for verifying that the
clectrical value of the one non-volatile multi-level
memory cell has being controlled to the one state,

reading status of the one non-volatile multi-level memory
cell by comparing the electrical value with a plurality
of reading reference electrical values including at least
a first reading reference electrical value, a second
reading reference electrical value and a third reading
reference electrical value,

wherein a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth

state,

wherein the first reading reference electrical value 1s
allocated between the first state and the second state,
the second reading reference electrical value i1s allo-
cated between the second state and the third state, and

the third reading reference electrical value 1s allocated
between the third state and the fourth state,

wherein the first reading reference electrical value, the
second reading reference electrical value and the third
reading reference electrical value are electrical values
for a normal read operation 1n which the information
stored 1n the one non-volatile multi-level memory cell
can be read out by output data of a plurality of bits,

wherein the normal read operation 1s carried out by
parallel-comparing the electrical value with the plural-
ity of reading reference electrical values by using a
plurality of sense circuits including at least a first sense
circuit, a second sense circuit and a third sense circuit,
first input terminals of the first sense circuit, the second
sense circuit and the third sense circuit are commonly
supplied with the electrical value from the one non-
volatile multi-level memory cell, a second 1mnput termi-
nal of the first sense circuit 1s supplied with the first
reading reference electrical value, a second 1nput ter-
minal of the second sense circuit 1s supplied with the
second reading reference electrical value and a second
input terminal of the third sense circuit 1s supplied with
the third reading reference electrical value, and

wherein the first verifying reference electrical value 1s
allocated below the first reading reference electrical
value, the second verifying reference electrical value 1s
allocated between the first reading reference electrical
value and the second reading reference electrical value,
the third veritying reference electrical value 1s allocated
between the second reading reference electrical value
and the third reading reference electrical value and the
fourth veritying reference electrical value 1s allocated
above the third reading reference electrical value.

11. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 10,
wherein the operation for controlling the electrical value
includes an erasure operation 1n which non-volatile multi-
level memory cells of one of a byte, a block and a chip level
can be erased.

12. The method of operating the electrically alterable
non-volatile multi-level memory according to claim 11,
wherein the operation for controlling the electrical value
includes a program operation in which electrons are injected
into a floating gate of the one non-volatile multi-level
memory cell.
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13. An clectrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1in
parallel between a second bit line and the reference
potential, electrons being capable of being mjected into the
floating gate by a phenomenon of hot electron injection from
the channel of each of the plurality of non-volatile multi-
level memory cell, electric currents flowing through the
channels of the multi-level memory cells of the first group
and electric currents flowing through the channels of the
multi-level memory cells of the second group being sub-
stantially flowing in a same direction:

wherein an operation for settling a parameter of at least
one non-volatile multi-level memory cell of the plural-
ity of non-volatile multi-level memory cells to one state
selected from a plurality of states including at least a
first state, a second state, a third state and a fourth state
1s carried out 1n response to information to be stored 1n
the one non-volatile multi-level memory cell,

wherein an operation of veritying whether the parameter
of the one non-volatile multi-level memory cell has
being settled to the one state selected from the plurality
of states 1s carried out by comparing the parameter of
the one non-volatile multi-level memory cell with a
plurality of veritying reference parameters including at
least a first verilying reference parameter, a second
veritying reference parameter, a third verifying refer-
ence parameter and a fourth verifying reference param-
cter 1s carried out, and repeating the operation for
settling the parameter and the operation for verilying
are carried out until 1t 1s verified by the operation for
verifying that the parameter of the one non-volatile
multi-level memory cell has being settled to the one
state,

wheremn an operation of reading status of the one non-
volatile multi-level memory cell 1s carried out by
comparing the parameter with a plurality of reading
reference parameters including at least a first reading
reference parameter, a second reading reference param-
cter and a third reading reference parameter,

wherein a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1 order of the
first state, the second state, the third state and the fourth
state,

wherein the first reading reference parameter 1s allocated
between the first state and the second state, the second
reading reference parameter 1s allocated between the
second state and the third state, and the third reading
reference parameter 1s allocated between the third state
and the fourth state,

wherein the first reading reference parameter, the second
reading reference parameter and the third reading ref-
erence parameter are parameters for a normal read
operation 1n which the mmformation stored in the one
non-volatile multi-level memory cell can be read out by
output data of a plurality of bats,

wherein the normal read operation i1s carried out by
parallel-comparing the parameter with the plurality of
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reading reference parameters by using a plurality of
sense circults 1including at least a first sense circuit, a
second sense circuit and a third sense circuit, first input
terminals of the first sense circuit, the second sense
circuit and the third sense circuit are commonly sup-
plied with the parameter from the one non-volatile
multi-level memory cell, a second input terminal of the
first sense circuit 1s supplied with the first reading
reference parameter, a second mput terminal of the
second sense circuit 1s supplied with the second reading
reference parameter and a second 1nput terminal of the
third sense circuit 1s supplied with the third reading
reference parameter, and

wherein the first verifying reference parameter 1s allo-

cated below the first reading reference parameter, the
second verilying reference parameter 1s allocated
between the first reading reference parameter and the
second reading reference parameter, the third verifying
reference parameter 1s allocated between the second
reading reference parameter and the third reading ref-
erence parameter and the fourth verifying reference
parameter 1s allocated above the third reading reference
parameter.

14. The eclectrically alterable non-volatile multi-level
memory according to claim 13, wherein the operation for
settling the parameter includes an erasure operation in which
non-volatile multi-level memory cells of one of a byte, a
block and a chip level can be erased.

15. The electrically alterable non-volatile multi-level
memory according to claam 14, wherein the operation for
settling the parameter includes a program operation in which
clectrons are injected into a floating gate of the one non-
volatile multi-level memory cell.

16. The eclectrically alterable non-volatile multi-level
memory according to claim 15, further comprising, a plu-
rality of bit lines, including said first and said second bit line,
cach of which transfers information indicating data stored in
a memory cell, wherein drain regions of said multi-level
memory cells of said first group 1n said matrix are coupled
to said first bit line of said plurality of bit lines, drain regions
of said multi-level memory cells of said second group
adjoining to said first group 1n said matrix are coupled to
said second bit line adjoining to said first bit line 1n said
plurality of bit lines and drain regions of multi-level memory
cells of a third group adjoining to said second column 1n said
matrix are coupled to a third bit line adjoining to said second
bit line 1n said plurality of bit lines.

17. An clectrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled in parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1n
parallel between a second bit line and the reference
potential, electrons being capable of being 1njected 1nto the
floating gate by a phenomenon of hot electron injection from
the channel of each of the plurality of non-volatile multi-
level memory cell, electric currents flowing through the
channels of the multi-level memory cells of the first group
and electric currents flowing through the channels of the
multi-level memory cells of the second group being sub-
stantially flowing 1n a same direction:
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wherein an operation for controlling an electrical value of
at least one non-volatile multi-level memory cell of the
plurality of non-volatile multi-level memory cells to
one state selected from a plurality of states including at
least a first state, a second state, a third state and a
fourth state 1s carried out in response to 1nformation to
be stored in the one non-volatile multi-level memory
cell,

wherein an operation for verifying whether the electrical
value of the one non-volatile multi-level memory cell
has being controlled to the one state selected from the
plurality of states 1s carried out by comparing the
clectrical value of the one non-volatile multi-level
memory cell with a plurality of verifying reference
clectrical values including at least a first verifying
reference electrical value, a second verifying reference
clectrical value 1s carried out, a third verifying refer-
ence clectrical value and a fourth verifying reference
clectrical value, and repeating the operation for con-
trolling the electrical value and the operation for veri-
fying are carried out until 1t 1s verified by the operation
for veritying that the electrical value of the one non-
volatile multi-level memory cell has being controlled to
the one state,

wherein an operation for reading status of the one non-
volatile multi-level memory cell 1s carried out by
comparing the electrical value with a plurality of read-
ing reference electrical values including at least a first
reading reference electrical value, a second reading
reference electrical value and a third reading reference
electrical value,

wherein a conductivity value of the one non-volatile

multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth
state,

wherein the first reading reference electrical value 1is
allocated between the first state and the second state,
the second reading reference electrical value 1s allo-
cated between the second state and the third state, and
the third reading reference electrical value 1s allocated
between the third state and the fourth state,

wherein the first reading reference electrical value, the
second reading reference electrical value and the third
reading reference electrical value are electrical values
for a normal read operation 1n which the information
stored 1n the one non-volatile multi-level memory cell
can be read out by output data of a plurality of bits,

wherein the normal read operation i1s carried out by
parallel-comparing the electrical value with the plural-
ity of reading reference electrical values by using a
plurality of sense circuits including at least a first sense
circuit, a second sense circuit and a third sense circuit,
first input terminals of the first sense circuit, the second
sense circuit and the third sense circuit are commonly
supplied with the electrical value from the one non-
volatile multi-level memory cell, a second mput termi-
nal of the first sense circuit 1s supplied with the first
reading reference electrical value, a second 1nput ter-
minal of the second sense circuit 1s supplied with the
second reading reference electrical value and a second
input terminal of the third sense circuit is supplied with
the third reading reference electrical value, and

wherein the first veritying reference electrical value 1is
allocated below the first reading reference electrical
value, the second verifying reference electrical value 1s
allocated between the first reading reference electrical
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value and the second reading reference electrical value,
the third veritying reference electrical value 1s allocated
between the second reading reference electrical value
and the third reading reference electrical value and the
fourth verifying reference electrical value 1s allocated
above the third reading reference electrical value.

18. The electrically alterable non-volatile multi-level
memory according to claim 17, wherein the operation for
controlling the electrical value includes an erasure operation
in which non-volatile multi-level memory cells of one of a
byte, a block and a chip level can be erased.

19. The eclectrically alterable non-volatile multi-level
memory according to claim 18, wherein the operation for
controlling the electrical value includes a program operation
in which electrons are injected 1nto a floating gate of the one
non-volatile multi-level memory cell.

20. The celectrically alterable non-volatile multi-level
memory according to claim 19, further comprising, a plu-
rality of bit lines, including said first and said second bit line,
cach of which transfers information indicating data stored in
a memory cell, wheremn drain regions of said multi-level
memory cells of said first group 1n said matrix are coupled
to said first bit line of said plurality of bit lines, drain regions
of said multi-level memory cells of said second group
adjoining to said first group 1n said matrix are coupled to
said second bit line adjoining to said first bit line 1n said
plurality of bit lines and drain regions of multi-level memory
cells of a third group adjoining to said second column 1n said
matrix are coupled to a third bit line adjoining to said second
bit line 1n said plurality of bit lines.

21. An celectrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1in
parallel between a second bit line and the reference
potential, electrons being capable of being 1njected 1nto the
floating gate by a phenomenon of Fower-Nordheim tunnel-
ing from the channel from the channel of each of the
plurality of non-volatile multi-level memory cell, electric
currents flowing through the channels of the multi-level
memory cells of the first group and electric currents flowing
through the channels of the multi-level memory cells of the
second group being substantially flowing in a same direc-
tion:

wherein an operation for settling a parameter of at least

one non-volatile multi-level memory cell of the plural-
ity of non-volatile multi-level memory cells to one state
selected from a plurality of states including at least a
first state, a second state, a third state and a fourth state
1s carried out 1n response to information to be stored 1n
the one non-volatile multi-level memory cell,

wherein an operation for verifying whether the parameter
of the one non-volatile multi-level memory cell has
being settled to the one state selected from the plurality
of states 1s carried out by comparing the parameter of
the one non-volatile multi-level memory cell with a
plurality of verifying reference parameters including at
least a first verifying reference parameter, a second
verifying reference parameter, a third verifying refer-
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ence parameter and a fourth verifying reference param-
cter 1s carried out, and repeating the operation for
settling the parameter and the operation for verifying
are carried out until it 1s verified by the operation for
verifying that the parameter of the one non-volatile
multi-level memory cell has being settled to the one
state,

whereimn an operation for reading status of the one non-
volatile multi-level memory cell 1s carried out by
comparing the parameter with a plurality of reading
reference parameters mcluding at least a first reading
reference parameter, a second reading reference param-
cter and a third reading reference parameter,

wheremn a conductivity value of the one non-volatile
multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth

state,

wherein the first reading reference parameter 1s allocated
between the first state and the second state, the second
reading reference parameter 1s allocated between the
second state and the third state, and the third reading
reference parameter 1s allocated between the third state
and the fourth state,

wherein the first reading reference parameter, the second
reading reference parameter and the third reading ref-
erence parameter are parameters for a normal read
operation 1 which the mformation stored in the one
non-volatile multi-level memory cell can be read out by
output data of a plurality of bats,

wherein the normal read operation i1s carried out by
parallel-comparing the parameter with the plurality of
reading reference parameters by using a plurality of
sense circults 1ncluding at least a first sense circuit, a
second sense circuit and a third sense circuit, first input
terminals of the first sense circuit, the second sense
circuit and the third sense circuit are commonly sup-
plied with the parameter from the one non-volatile
multi-level memory cell, a second 1mnput terminal of the
first sense circuit 1s supplied with the first reading
reference parameter, a second imput terminal of the
second sense circuit 1s supplied with the second reading,
reference parameter and a second mput terminal of the
third sense circuit 1s supplied with the third reading
reference parameter, and

wherein the first verifying reference parameter 1s allo-
cated below the first reading reference parameter, the
seccond verilying reference parameter 1s allocated
between the first reading reference parameter and the
second reading reference parameter, the third verifying
reference parameter 1s allocated between the second
reading reference parameter and the third reading ref-
erence parameter and the fourth verifying reference
parameter 1s allocated above the third reading reference
parameter.

22. The electrically alterable non-volatile multi-level
memory according to claam 21, wherein the operation for
settling the parameter includes an erasure operation 1n which
non-volatile multi-level memory cells of one of a byte, a
block and a chip level can be erased.

23. The clectrically alterable non-volatile multi-level
memory according to claim 22, wherein the operation for
settling the parameter includes a program operation in which
clectrons are injected into a floating gate of the one non-
volatile multi-level memory cell.

24. The clectrically alterable non-volatile multi-level
memory according to claim 23, further comprising, a plu-
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rality of bit lines, including said first and said second bit line,
cach of which transfers information indicating data stored in
a memory cell, wherein drain regions of said multi-level
memory cells of said first group 1n said matrix are coupled
to said first bit line of said plurality of bit lines, drain regions
of said multi-level memory cells of said second group
adjoining to said first group 1n said matrix are coupled to
said second bit line adjoining to said first bit line 1n said
plurality of bit lines and drain regions of multi-level memory
cells of a third group adjoining to said second column 1n said
matrix are coupled to a third bit line adjoining to said second
bit line 1n said plurality of bit lines.

25. An clectrically alterable non-volatile multi-level
memory device including a plurality of non-volatile multi-
level memory cells, each of the multi-level memory cells
including a floating gate FET having a channel with elec-
trically alterable voltage threshold value, the plurality of
non-volatile multi-level memory cells being disposed 1n a
matrix of rows and columns, channels of multi-level
memory cells of a first group of the plurality of non-volatile
multi-level memory cells being coupled 1n parallel between
a first bit line and a reference potential, channels of multi-
level memory cells of a second group of the plurality of
non-volatile multi-level memory cells being coupled 1in
parallel between a second bit line and reference potential,
clectrons being capable of being injected into the floating
gate by a phenomenon of Fower-Nordheim tunneling from
the channel from the channel of each of the plurality of
non-volatile multi-level memory cell, electric currents flow-
ing through the channels of the multi-level memory cells of
the first group and electric currents flowing through the
channels of the multi-level memory cells of the second

group being substantially flowing 1n a same direction:

wherein an operation for controlling an electrical value of
at least one non-volatile multi-level memory cell of the
plurality of non-volatile multi-level memory cells to
one state selected from a plurality of states including at
least a first state, a second state, a third state and a
fourth state 1s carried out 1n response to 1nformation to
be stored 1n the one non-volatile multi-level memory
cell,

wherein an operation for veritying whether the electrical
value of the one non-volatile multi-level memory cell
has being controlled to the one state selected from the
plurality of states i1s carried out by comparing the
clectrical value of the one non-volatile multi-level
memory cell with a plurality of verifying reference
clectrical values including at least a first verilying
reference electrical value, a second veritying reference
clectrical value, a third veritying reference electrical
value and a fourth verifying reference electrical value
1s carried out, and repeating the operation for control-
ling the electrical value and the operation for verifying
are carried out until 1t 1s verified by the operation for
verifying that the electrical value of the one non-
volatile multi-level memory cell has being controlled to
the one state,

wherein an operation for reading status of the one non-
volatile mulfi-level memory cell 1s carried out by
comparing the electrical value with a plurality of read-
ing reference electrical values mcluding at least a first
reading reference electrical value, a second reading
reference electrical value and a third reading reference
electrical value,

wherein a conductivity value of the one non-volatile

multi-level memory cell 1s decreased 1n order of the
first state, the second state, the third state and the fourth
state,
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wheremn the first reading reference electrical value 1s
allocated between the first state and the second state,
the second reading reference electrical value 1s allo-
cated between the second state and the third state, and
the third reading reference electrical value 1s allocated
between the third state and the fourth state,

wheremn the first reading reference electrical value, the
second reading reference electrical value and the third
reading reference electrical value are electrical values
for a normal read operation 1n which the information
stored 1n the one non-volatile multi-level memory cell
can be read out by output data of a plurality of bits,

wherein the normal read operation i1s carried out by
parallel-comparing the electrical value with the plural-
ity of reading reference electrical values by using a
plurality of sense circuits including at least a first sense
circuilt, a second sense circuit and a third sense circuit,
first input terminals of the first sense circuit, the second
sense circuit and the third sense circuit are commonly
supplied with the electrical value from the one non-
volatile multi-level memory cell, a second mput termi-
nal of the first sense circuit 1s supplied with the first
reading reference electrical value, a second 1nput ter-
minal of the second sense circuit 1s supplied with the
second reading reference electrical value and a second
input terminal of the third sense circuit is supplied with
the third reading reference electrical value, and

wheremn the first verifying reference electrical value 1s
allocated below the first reading reference electrical
value, the second veritying reference electrical value 1s
allocated between the first reading reference electrical
value and the second reading reference electrical value,
the third verifying reference electrical value 1s allocated
between the second reading reference electrical value
and the third reading reference electrical value and the
fourth verifying reference electrical value 1s allocated
above the third reading reference electrical value.

26. The eclectrically alterable non-volatile multi-level
memory according to claim 25, wherein the operation for
controlling the electrical value includes an erasure operation
in which non-volatile multi-level memory cells of one of a
byte, a block and a chip level can be erased.

27. The electrically alterable non-volatile multi-level
memory according to claam 26, wherein the operation for
controlling the electrical value includes a program operation
in which electrons are 1njected 1nto a floating gate of the one
non-volatile multi-level memory cell.

28. The clectrically alterable non-volatile multi-level
memory according to claim 27, further comprising,

a plurality of bit lines, including said first and said second
bit line, each of which transters information indicating
data stored 1n a memory cell, wherein drain regions of
said multi-level memory cells of said first group 1n said
matrix are coupled to said first bit line of said plurality
of bit lines, drain regions of said multi-level memory
cells of said second group adjoining to said first group
in said matrix are coupled to said second bit line
adjoining to said first bit line 1n said plurality of bit
lines and drain regions of multi-level memory cells of
a third group adjoining to said second column in said
matrix are coupled to a third bit line adjoining to said
second bit line 1n said plurality of bit lines.

29. An clectrically non-volatile multi-level memory

device comprising;

a plurality of memory cells disposed 1n matrix having
rows and columns,
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wherein each of said plurality of memory cells has a
threshold voltage corresponding to data of two bits,

wherein threshold voltages of said plurality of memory
cells are allocated to one of a first, a second, a third and
a fourth threshold range,

wherein said first threshold range indicates an erase state,
and said second, said third, said fourth threshold range
indicate program states different from said erase state,

wherein said second, said third and said fourth threshold
range 1ndicate mutually different programming states,

wherein a threshold voltage of a memory cell selected
from said plurality of memory cells 1s allocated in one
of said first, said second and said third threshold range
by hot electron 1njection, and

wherein control gates of memory cells on the same row 1n
said matrix are coupled to a word line of a plurality of
word lines,

a plurality of bit lines each of which transfers information
indicating data stored in a memory cell, wherein drain
regions of memory cells on a first column 1n said matrix
are coupled to a first bit line of said plurality of bit lines,
drain regions of memory cells on a second column
adjoining to said first column 1n said matrix are coupled
to a second bit line adjoining to said first bit line 1n said
plurality of bit lines and drain regions of memory cells
on a third column adjoining to said second column 1n
said matrix are coupled to a third bit line adjoining to
said second bit line 1n said plurality of bit lines,

a programming circuit programming ones of said plurality
of memory cells to said programming states by using
verily reference parameters,

a sense circuit which compares information indicating
data stored 1n a memory cell with a first reference
parameter, a second reference parameter and a third
reference parameter 1n parallel, in a normal read
operation,

wherein said first threshold range 1s lower than said
second threshold range, said second threshold range 1s
lower than said third threshold range, and said third
threshold range 1s lower than said fourth threshold
range,
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wherein said third reference parameter 1s higher than said
second reference parameter, and said second reference
parameter 1s higher than said first reference parameter,

wherein said verily reference parameters have at least first
and second verily reference parameters,

wherein said first verily reference parameter 1s allocated
between said second threshold range and said third
threshold range, and said second verily reference
parameter 1s allocated between said first threshold
range and said second threshold range, and

wherein said first verify reference parameter 1s settled
between said second reference parameter and said third
reference parameter, and said second verify reference
parameter 1s settled between said first reference param-
cter and said second reference parameter.

30. An clectrically non-volatile multi-level memory
device according to claim 29, wherein each of said plurality
of memory cells has a floating gate, and a threshold voltage
of a selected memory cell 1s allocated to one of said first,
said second and said third threshold range from said fourth
threshold range by being injected with hot electron to a
floating gate of said selected memory cell.

31. An electrically non-volatile multi-level memory
device according to claim 30, further comprising,

a column select circuit which receives column addresses,
and which couples selected bit lines to said sense
CIrcuits.

32. An electrically non-volatile multi-level memory
device according to claim 31, wherein each of said sense
circuits has a first comparator which receives said informa-
tion and said first reference parameter, a second comparator
which receives said information and said second reference
parameter and a third comparator which receives said 1nfor-
mation and said third reference parameter.

33. An electrically non-volatile multi-level memory
device according to claim 31, wherein each of said plurality
of memory cells has a source region to which 1s supplied
with a reference potential in said read operation.
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